A high-flux linear plasma device in Sichuan University plasma-surface interaction (SCU-PSI) based on a cascaded arc source has been established to simulate the interactions between helium and hydrogen plasma with the plasma-facing components in fusion reactors. In this paper, the helium plasma has been characterized by a double-pin Langmuir probe. The results show that the stable helium plasma beam with a diameter of 26 mm was constrained very well at a magnetic field strength of 0.3 T. The core density and ion flux of helium plasma have a strong dependence on the applied current, magnetic field strength and gas flow rate. It could reach an electron density of 1.2×10 19 m −3 and helium ion flux of 3.
Introduction
In fusion reactors plasma facing components (PFCs) under helium plasma bombardment may suffer from radiation damage and erosion [1] [2] [3] [4] [5] . These behaviors will deteriorate the performance and reduce lifetime of the components. Lots of experiments show that the change of properties of fuel retention and permeation in first wall will result in the uncertain evaluation of fuel recycle. In addition, the impurities eroded from the PFC surfaces into the core will cause the core plasma to be contaminated. Therefore, understanding the interaction mechanisms between helium plasma and materials is a key issue in achieving controlled nuclear fusion.
In order to obtain high density plasma to simulate International Thermonuclear Experimental Reactor (ITER) related (D/T/He particle fluxes 10 22 -10 24 m −2 s −1 )
plasma-surface-interactions (PSIs) in fusion reactors, many linear plasma devices were set up [6] [7] [8] [9] [10] [11] [12] . In the Magnum-PSI liner device, the steady-state flux density up to 10 24 ions m −2 s −1 and electron temperature in the range of 1-5 eV of hydrogen plasma can be achieved [13] . In the Pilot-PSI liner device, record hydrogen plasma parameters with electron density of ∼10 21 m −3
and electron temperature of ∼2 eV were measured by Thomson scattering [14] . The helium plasma with energy density of 0.15 MJ m −2 was produced to investigate the effect of the combined steady-state/pulsed plasma on polycrystalline tungsten targets in the Pilot-PSI linear plasma device [15] . In the NAGDIS-I device, the helium plasma with the electron density of ∼10 19 m −3 and temperature of ∼5 eV was obtained in steady state [16] .
A new PSI linear device in Sichuan University (SCU-PSI) with a single-cathode cascade arc source was established to simulate the fusion relevant PSI research.
In this paper, helium plasma was characterized by a doublepin Langmuir probe in the SCU-PSI linear device. Here, the effects of the applied discharge current, gas flow rate and magnetic field strength on helium plasma density and temperature were discussed, and the relationship between discharge power and helium ion flux close to the target was analyzed. The irradiated tungsten and molybdenum samples under high-flux helium ions bombardment were investigated via modification of surface.
Experimental setup
Experiments described here were performed in the SCU-PSI linear plasma device based on a single-cathode discharge. Figure 1 gives the schematic of SCU-PSI linear plasma device. The main components of the linear device include a vacuum chamber, plasma source generator, vacuum system, cooling water system and diagnostic system. The vacuum chamber used in the study of plasma transport is made of stainless steel, which is a cylindrical double-layer structure with internal cooling water. The chamber has a number of windows for the connection of the diagnostic system. The vacuum system consists of a 70 L S −1 mechanical pump, a by-pass value, a main value, a 300 L S −1 roots pump and a 1200 L S −1 roots pump. So a background pressure of 10 −2 Pascal can be obtained in the work of the vacuum system. The helium plasma was generated by a so-called cascaded arc source, and the detailed introduction of plasma source generator discharge can be seen in relevant [17] [18] [19] . A variable magnetic field in the range of 0.05-0.45 T was applied to confine the helium plasma to a dense magnetized quasi-cylindrical plasma beam.
A double-pin Langmuir probe was employed to measure electron density and temperature of helium plasmas in a magnetic field. The probe used here was consisted of two identical cylindrical tungsten wires of 5 mm in length and 0.3 mm in diameter, which was installed at about 30 cm from the nozzle of anode and could be moved over 140 mm in the radial direction. The current-voltage curve was obtained by scanning the voltage in the range of −10 to +10 V between two pins. The electron temperature and density were determined from the currentvoltage curve according to the following formula [20] [21] [22] [23] :
where T e and n e are the electron temperature and electron density, respectively, I is is the ion saturation current, e is the ion charge, A s is the probe tip area, M i is the ion mass, and k B is the Boltzmann's constant. The plasma-exposed samples were mounted on the plasma beam downstream at 30 cm and they were clamped on a molybdenum holder. The negative bias was used to add the energy of helium ions, and the helium plasma beam was injected vertically into the surface of the tungsten and molybdenum samples. The thermocouple placed behind the samples was used to monitor the target temperature during plasma exposure, which was clamped by means of samples on the rear holder. The surfaces of the irradiated samples were analyzed by scanning electron microscopy (SEM). The I-V characteristic curve of the plasma can be expressed by the relationship between resistivity and averaged current density, the averaged current density j is assumed as follows:
Results and discussions

Helium plasma properties
where I denotes the applied current, r ch =2 mm is the radius of channel cross-section. The resistivity η is computed according to:
where R is the plasma resistance, U is the measured voltage, L=34.5 mm is the length of channel. Figure 3 displays the resistivity as a function of averaged current density. With a nolinear curve allometric fitting, the relation of resistivity with arc current density can be described by j .
0.8
h µ -The average resistivity depends on the average current density with the relation of j 0.6 to 0.8 h µ -and j 1.3 h µ -for argon and hydrogen plasma respectively [22, 23] . The current conduit widens as the discharge current increases. As a result, the I-V characteristic curve flattens or even develops a negative slope [22, 23] .
The power deposition into the arc depends on the plasma resistance, it was defined as the square of the current multiplied by the resistance (P=I 2 R). The relationship R I 0.8 µ -can be deduced from the above fitting result j .
h µ -Further, it can be speculated that dissipated power should be approximately proportional to the current. The dissipated power as a function of applied current was shown in figure 3 , with the helium flow rate of 2 slm and the magnetic field strength of about 0.2 T. As seen in figure 3 , the discharge power grows approximately linearly with the arc current increasing, which is consistent with the previous speculation.
The profile of electron density and temperature of helium plasma is shown in figure 4 as a function of magnetic field, with a helium gas flow of 3 slm and discharge current of 100 A. As seen in figure 4 , the electron density and temperature are strongly dependent on magnetic field strength. The shape of the Gaussian distribution is clearly visible in the figure. In a magnetic field, the charged particles move following the magnetic field lines. Larmor radius is expressed by the formula r mv eB mE eB 2 = = (m is the mass of charged particles, e is the charge, B is the magnetic field strength and E is the energy). If the magnetic field strength is enhanced, the small radius will cause more particles to be bound in the core, the core electron density and temperature will increase accordingly.
As can be seen from figure 4(a), compared to the magnetic field strength of 0.1 T, the peak electron density is larger and the edge value is smaller in the magnetic field strength 0.3 T. The maximum of n e increases from 4. figure 4(b) , the peak temperature increases only slightly from approximately 0.3 eV at 0.1 T to around 0.5 eV at 0.3 T. It can be found that the temperature profile is significantly broader than the density profile, and there is a shoulder between R=−15 mm and R=0 mm with the magnetic of 0.1 and 0.2 T, a similar phenomenon also appears in literature [24] where the shoulder of hydrogen plasma was considered to be an artifact. Here, these tendencies can be regarded as a flat profile within the instrumental and fitting error.
In this study, the radical position R=0 mm is the center of helium plasma beam. The core electron density and temperature of helium plasma as a function of discharge current and gas flow are shown in figure 5 with a magnetic field strength of 0.2 T. As seen in figure 5 , the applied current varied from 80 to 130 A with step length of 10 A. The magnetic field strength was kept at 0.2 T and different gas flows (from 2 to 4 slm) were applied in these measurements. The resistivity versus the averaged current density and the discharge power versus the discharge current.
with gas flow of 2 slm. The increase in applied current leads to an increase in the kinetic energy obtained by electrons. So that the probability of collision of electrons with helium atoms increases, resulting in an increase in electron density. When the gas flow is 4 slm, the n e increases from 7.2×10 18 to 1.2×10 19 m −3 as the arc current increases from 80 to 130 A. So the helium flow rate also affects the electron density to some extent due to more helium 'source'. It can be seen from figure 5(b) that the electron temperature increases slightly as the current increases. The T e increases from 0.4 to 0.6 eV as the arc current increases from 80 to 130 A with gas flow of 4 slm.
The core ion particle flux is estimated by the electron density and temperature according to the following formula [25] 
where A i , n e and T e denote the mass number, electron density and electron temperature of helium plasma. Figure 6 displays the ion particle flux as a function of input power, which shows that there is a linear relationship between ion flux and arc power. The ion flux increases from 1.6×10 22 to 3.2×10 22 m −2 s −1 as the arc power increases from 6.3 to 10.9 kW with gas flow of 4 slm and magnetic field strength of 0.2 T. Obviously, the applied power plays a important role in increasing the electron density and temperature of helium plasma, leading to a higher ion flux.
Modification of targets under helium ion exposure
To simulate the PSIs in the SCU-PSI device, a pure tungsten sample (10 mm×10 mm×1 mm, initial quality is 1.6720 g) and a molybdenum sample (10 mm×10 mm×2 mm, initial quality is 1.8893 g) were processed by polishing to a mirror before irradiation. The prepared samples were exposed to helium plasma with a cathode applied current of 130 A, magnetic field strength of 0.25 T and gas flow of 5 slm. The bias voltage of −80 V was used to increase the incident ion energy. The other irradiation parameters are given in table 1. After being exposed to helium plasma for 2 h, the samples were cooled in vacuum for 2 h under an argon atmosphere. The maximum surface temperature was about 530°C and the flat top in temperature reached approximately after 30 min. The mass loss of tungsten and molybdenum is 0.0088 g and 0.0193 g respectively, so that there was a slight sputtering phenomenon for tungsten and molybdenum under bombing energy of 80 eV.
As is shown in figure 7 , the morphology of sample was observed by SEM. Taking into account the conductivity of the samples, the samples were sprayed with gold film before scanning, with a magnified 5×10 4 times. Figures 7(a) , (b) show the SEM pictures of tungsten and molybdenum surface before exposure respectively. Before exposure, tungsten and molybdenum were processed by grinding and mechanical polishing. The flat surfaces of tungsten and molybdenum were observed in figures 7(a), (b) . The conductivity of molybdenum sample is relatively good, so the black gold film can be clearly seen in figure 7(b) . The same irradiation conditions shown in table 1 were applied to the tungsten and molybdenum, but the different sizes of nanostructures, called 'fuzz', on the tungsten and molybdenum sample surfaces were generated, as shown in figures 7(c), (d). The formation of fuzz structure depends on the incident ion energy and surface temperature. The fuzz growth observed here appears where the surface temperature is about 530°C, with an ion energy of 80 eV and an ion flux of 10 23 m −2 s −1 (an exposure time of 2 h). Many results reveal that the fuzz structure is generally formed when the particle energy is above 20 eV, the helium fluence on the order of 10 25 m −2 and the temperature in the range of (1000-2000) K [26] [27] [28] . Since the temperature was measured by the thermocouple pressed behind the sample, a temperature gradient between measured temperature and the surface temperature was generated in the experiments. So the difference between experimentally measured temperature and the typical temperature range for the fuzz growth is reasonable.
It can be seen clearly in figure 7 (c) that the tungsten surface exhibited a nanostructured surface morphology consisting of nanometric filaments with the size of about 30 nanometers and in some parts the filaments gathered into clusters. Compared with tungsten, the filaments on molybdenum surface showed a larger size of about 100 nanometers, as shown in figure 7(d) . The growth of fuzz structure is based on the development of the pinholes, and the thickness of the fuzz layer increases with the helium fluence [26] . The formation and growth process of the nanostructure by helium irradiation is a common phenomenon that occurs on various metals [27] . The size of the fuzz on the molybdenum surface observed here is larger than the tungsten surface under the same irradiation conditions. Previous studies have suggested that the growth of the nanostructure is dependent on crystal structure [28] . Therefore, in addition to the external irradiation conditions, the structure (crystal orientation) and surface state (surface treatment) of the materials may bring some impact on damaged morphology. At present, few literatures have focused on the effects of initial surface states on helium irradiation behavior. More PSI experiments need to be done to study the damage behavior by helium radiation.
Conclusions
The high flux stable helium plasma beam was achieved in the SCU-PSI linear plasma device, which provided a convenience for the ITER related PSI studies. In this study, the core electron density and temperature of helium plasma grow approximately linearly with the applied current at constant input gas flow. When the gas flow is 4 slm and the current is 130 A, the n e can reach 1.2×10 19 m −3 and the T e is less than 1 eV. The helium ion flux of 10 22-23 m −2 s −1 can be obtained, which is linearly related to the input power. Therefore, the incident ion flux can be effectively increased by increasing the applied power of the source and the gas flow rate. Under the bombardment of helium ion with the flux of 10 23 m −2 s −1 and the energy of 80 eV, the flat temperature on samples can reach about 530°C. Nanostructured fuzz was observed on both tungsten and molybdenum surfaces by SEM analysis. In summary, these experimental results provide a reference for the next study that H + and D + interact with PFCs in the linear plasma device.
